WE.-Hepate cytes isolated from the liver of the common goldfish Camssius auratus L. with crude bacterial collagenase maintained ATP levels for at least 2 h. Glycogenolysis was maximally activated by 1 x lo-" M epinephrine and 5.8 x 10mg M glucagon. In liver cells incubated in calcium-free buffer containing 1 mM ethylene glycol-bis-(p-aminoethylether)~I&IV'-tetraacetic acid, basal glycogenolysis was enhanced by the addition of l-4 mM calcium but the elevation of cyclic AMP and glycogenolysis due to epinephrine was unaffected by calcium. The divalent cation ionophore A23187 did not alter basal or hormone-stimulated glycogenolysis.
Isoproterenol was approximately as po tent as epinephrine but phenylephrine was glycogenolytic only at very high concentrations.
Wropranolol competitively inhibited the increased glycogenolysis due to catecholamines but phentolamine was ineffective as a blocking agent. Isoprotereno1 and epinephrine stimulated glycogenolysis at lower concentrations than those required to elevate cyclic AMP accumulation.
Phenylephrine was without effect on cyclic AMP. Propranolol competitively inhibited both epinephrineand isoproterenol-stimulated cyclic AMP accumulation, but phentolamine did not block either response. Catecholamine-stimulated glycogenolysis in goldfish liver is apparently a padrenergic effect. However, low concentrations of epinephrine enhance glycogenolysis without affecting total cyclic AMP. glucose release; epinephrine; adrenergic agents; cyclic AMP; glucagon; catecholamines; calcium THE CONCEPT THAT adenosine 3',5'-monophosphate (cyclic AMP) i s an intracellular second messenger for padrenergic effects is well established (19) . The classical view of hormone-mediated glycogenolysis involves an initial interaction of the hormone with a specific membrane receptor, which stimulates the activity of membrane-bound adenylate cyclase. This results in an increase in intracellular cyclic AMP, which, via a cyclic AMP-dependent protein kinase, activates a cascade mechanism. The last step is phosphorylation of inactive glycogen phosphorylase b to active phosphorylase a. The ultimate result is a net increase in the enzymatic breakdown of stored glycogen. Though present evidence favors the existence of a p-adrenergic mechanism for control of glycogenolysis in skeletal muscle (lo), the nature of hormone-stimulated hepatic glycogenolysis is not clear. There are profound differences among the various species investigated (13, 21) . A central role for cyclic AMP in catecholamine-stimulated hepatic glu-1 coneogenesis and glycogenolysis in the rat is unlikely (2, 24) . We were interested to see if the adrenergic control of glycogenolysis in the liver of the common goldfish Camssius auratus is a beta effect involving cyclic AMP.
The elucidation of biochemical phenomena in fish liver has been hampered by the lack of a suitable in vitro system. Liver perfusion is difficult due to the small size and the diffise distribution of hepatic tissues in many teleosts. The use of liver slices, though offering the possibility of studying many samples from a single organ, suffers from considerable disadvantages. Slices are actually complex, nonuniform systems that possess an external surface containing mechanically damaged cells, as well as an oxygen diffusion gradient that results in undeterminable anoxia on the "inside" of the slices. Furthermore, the consistency of fish liver makes it impossible to prepare slices of reproducible thickness and surface area. The use of liver pieces compounds the problems encountered in slices.
Suspensions of viable hepatocytes can be prepared by perfusing rat liver with buffer containing collagenase and hyaluronidase (11) . Isolated liver cells provide a system well suited for the study of complex biochemical phenomena. Homogeneous suspensions of intact parenchymal cells isolated from a small number of animals permit the study of many variables at one time under controlled conditions. This report describes a simple method for the preparation of viable goldfish hepatocytes, as well as studies on the nature of adrenergic control of glycogenolysis.
METHODS AND MATERIALS
Common goldfish (Carassius auratus L.), ranging in size from 30 to 250 g, were obtained from local pet stores or Paradise Gardens, Whitman, Mass. Fish were kept in well-aerated aquaria maintained at 25°C and a 12-h light:12-h dark photoperiod.
Fish were fed daily with Longlife pool fish food and were starved at least 24 h prior to an experiment.
One to five fish (depending on weight) were anesthe- All incubations were done at 25 t l°C in an atmosphere of 95% 02-5% CG2. The Krebs-Ringer-bicarbonate buffer contained NaCl (120 mM), KC1 (4.8 mM), CaCl, (1.3 mM), KH,PO, (1.2 mM), MgSO, (1.2 mM), NaHC03 (24 mM), and 3.5% albumin.
Aliquots of the cell suspension containing l-5 x lo6 cells in 0.2 ml were added to plastic incubation tubes (17 x 100 mm) containing 0.8 ml of the 3.5% albumin bicarbonate buffer. The drugs and hormones were added prior to the addition of cells. The ionophore A23187 was dissolved in dimethylsulfoxide (DMSO), which thus was present in a final concentration of 1% (vol/vol) in studies involving this drug. Tubes were gassed with 95% 0,.5% C02, stoppered, and incubated with shaking at 25 t 1°C. At the end of the incubation the samples were centrifuged at 4°C. Aliquots were taken from the medium for glucose assay by the glucose oxidase method (5). The cell pellet was analyzed for glycogen by the anthrone procedure after digestion in 30% (wt/vol) alcoholic KOH (8) . For the measurement of ATP and glucose 6-phosphate, the reaction was stopped by the addition of perchloric acid (8% in 40% ethanol). The samples were adjusted to neutral pH with K,CO, and the metabolites measured by a modification of a fluorometric assay (25) .
Total cyclic AMP (cells plus medium) was measured by the binding assay of Gilman (7), with modifications previously described (11) . The reaction was stopped by the addition of 0.1 ml of 2 N HCl to the tubes prior to placement in a boiling water bath for 1 min. The tubes were allowed to cool to room temperature and 0.05 ml of 4 N NaOH was added. A 20.~1 aliquot was then removed for determination of cyclic AMP. The cyclic AMP standards were made up in incubation media treated in the same manner as the unknowns. The assay used rabbit muscle protein kinase as the binding agent. The free cyclic AMP was separated from the bound cyclic AMP bv charcoal nrecipitation.
The binding of cvclic BIRNBAUM, SCHULTZ, AND FAIN AMP was unaffected by the absence or presence of Ca2+ (l-3 mM). Cyclic AMP was purified on Dowex 1-X8 columns by the method of Murad et al. (14) before assay by the protein-binding method. Epinephrine produced essentially the same increases in cyclic AMP concentration in purified samples as unpurified samples from fish hepatocytes. Therefore for the experiments described in this report the purification step was omitted. Chemicals used and their sources were: crude bacterial collagenase type II from Clostridium histolyticum (Worthington Biochemical Corporation); fraction V bovine albumin (Pentex Inc.); fraction V bovine albumin (Armour Pharmaceutical
alcohol), cyclic guanosine 3':5'-monophosphate, and glucagon (Sigma Chemical Co.); phentolamine
hexokinase and glucose-6-phosphate dehydrogenase (Boehringer); dimethylsulfoxide (J. T. Baker Chemical Co.). L-Propranolol was a gift from Ayerst Laboratories, and the ionophore A23187 was a gift from Eli Lilly and Company.
RESULTS
Incubation of minced goldfish liver with 1 mg collagenase/ml resulted in the release of large numbers of hepatocytes after 2 h of incubation. The absence of Ca2+ from the isolation media was essential for an optimum yield of free cells. In one series of experiments, the use of Ca2+-free medium resulted in a yield of 44.45 t 12.3 x lo6 cells/g liver, as opposed to 13.64 t 1.0 x lo6 cells/g in the presence of 1.3 mM Ca2+. Yields of 80-100 x 106 cells/g tissue were not uncommon with Ca2+-free buffer. The final washed preparation appeared to be a homogeneous suspension of hepatocytes, as judged by light microscopy. Neither the source nor the concentration of the albumin tested affected the isolation procedure. In all subsequent experiments, Armour lot 43405 bovine serum albumin was utilized at a concentration of 3.5% (wtlvol).
Isolated hepatocytes were able to maintain A'IP levels for 2 h (Fig. 1) and ATP levels were unaffected by epinephrine. Epinephrine (0.05 PM) increased glucose production at a linear rate over a 2-h incubation period that was not further enhanced by increasing the concentration of amine to 0.5 PM (Fig. 1) . The data in Fig. 1 show that the increase in glucose production by catecholamines was associated with an early rise in glucose 6-phosphate. Despite the drop in ATP seen in the presence of cyanide, basal glucose production was not significantly reduced (Fig. 1) .
The source of the glucose released into the medium during in vitro incubation was investigated.
In all instances glucose production could be fully accounted for on the basis of breakdown of endogenous glycogen (Table 1). This was the case for basal as well as hormone- Liver cells (2 x 10" cells/tube) were incubated at 25°C for 2 h. Hormones were present throughout incubation at concentrations indicated. Average weight of goldfish was 33 g. Two fish were used for experiments 1 and 2 and 3 fish for experiment 3. stimulated glucose production. Thus, in the absence of added substrates, glucose release appears to represent hepatic glycogenolysis.
Epinephrine, at a concentration of 1 PM, increased the accumulation of cyclic AMP (Fig. 2) . A significant increase was evident at 3 min after the addition of cells to buffer containing the hormone, and maximum cyclic AMP increases of two-to threefold were observed at 10 min. By 20 min, the level of cyclic AMP had returned to control values and it remained there for at least the next 60 min. For all subsequent experiments, measurement of cyclic AMP accumulation was performed after incubation with the appropriate agents for 10 min.
Processes mediated by cyclic AMP often respond to stimulation by the dibutyryl derivative of the cyclic nucleotide. Dibutyryl cyclic AMP stimulated glycogenolysis in isolated goldfish hepatocytes in a dose-dependent manner (Fig. 3) . The increase in glycogenolysis due to 100 PM dibutyryl cyclic AMP was equivalent to that produced by an optimum concentration of epinephrine. Cyclic 3 ' ,5'-guanosine monophosphate did not afkct glycogenolysis at the concentrations tested (Fig. 3) .
Glycogenolysis was stimulated by epinephrine ( Cyclic AMP accumulation was also increased by epinephrine (Fig. 4) . The lowest concentration sufficient to increase cyclic AMP content was 0.1 PM; a maximum response was observed at 5 PM epinephrine. By 2 h, levels of cyclic AMP were equal to that of control for all doses of hormone tested. At low concentrations of epinephrine there was an increase in glycogenolysis over 2 h without any\ measurable change in cyclic AMP concentration at 10 min.
To elucidate the nature of the catecholamine stimulation of glycogenolysis in goldfish hepatocytes, the relative potencies of selective adrenergic agonists were investigated. Isoproterenol, a predominantly p-adrenergic agonist, was more than 100 times as potent as the predominantly cr-agonist phenylephrine in stimulating hepatic glycogenolysis (Fig. 5) . Phenylephrine produced an-effec t on glycogenolysis only at th ,e highest concentration tested, 10 PM. Isoproterenol was an effective stimulator of cyclic AMP accumulation; phenylephrine was without effect at the concentrations tested, Isoproterenol was approximately as potent as epinephrine, as determined by either glucose release or the accumulation of total cyclic AMP (Fig. 4) .
Further clarification of the adrenergic mechanism was sought with the use of selective blocking agents. Propranolol and phentolamine were chosen, as specific competitive p-adrenergic and cw-adrenergic blockers, respectively. Propranolol inhibited glycogenolysis by adrenergic agents. Glycogenolysis by either 1 PM epinephrine or isoproterenol was inhibited by 1 PM pro- pranolol and completely blocked by 10 PM propranolol (Fig. 6 ). Both concentrations of propranolol completely blocked the glycogenolytic action of 10 PM phenylephrine. Propranolol did not affect glucagon-stimulated glycogenolysis (data not shown). Phentolamine was ineffective as a blocker of glucose release by any of the adrenergic agents tested (Fig. 6) .
Adrenergic blocking agents were slightly more effective in blocking cyclic AMP accumulation than glycogenolysis, though the same pattern prevailed (Fig. 7) . Propranolol(1 PM) inhibited the increase in cyclic AMP content produced by 1 PM epinephrine and blocked the stimulation by 1 PM isoproterenol. Phentolamine (10 PM) only slightly inhibited the rise in cyclic AMP due to epinephrine or isoproterenol. Glucagon (5.8 x 10S9 M) significantly increased the cyclic AMP content of isolated goldfish hepatocytes (Fig. 7) . This increase was not affected by propranolol or phentolamine.
In view of the known effects of Ca*+ on glycogenolysis in muscle (9) and in the cx-adrenergic response in the rat parotid gland (20) , we decided to investigate the role of this ion in the control of glycogenolysis in goldfish hepatocytes. As shown in Table 2 , the addition of Ca'+ itself activated glycogenolysis in the presence of ethylene glycol-bis-(p-aminoethylether)~N,N'-tetraacetic acid (EGTA). However, a full glycogenolytic response was produced by epinephrine even in the absence of Ca*+.
Concentrations of calcium as high as 4 mM did not affect the stimulation of glycogenolysis by epinephrine. Cyclic AMP accumulation stimulated by epinephrine was also independent of calcium in the medium (Table 2) . Calcium itself did not change the cyclic AMP content at any concentration tested.
The ionophore A23187 transfers Ca*+ and Mg*+ from an aqueous to a bulk organic phase and uncouples mito- chondria, presumably by making membranes permeable to bivalent cations (18) . In goldfish hepatocytes, A23187 did not affect either basal glycogenolysis or hormone-stimulated glycogenolysis (Table 3) .
DISCUSSION
The use of isolated hepatocytes is an excellent system for the study of biochemical phenomena in the goldfish. Digestion of minced goldfish with crude bacterial collagenase is sufficient to produce a suitable yield of hepatocytes. Cells isolated from goldfish liver are viable for at least 2 h, as determined by the exclusion of the dye trypan blue, maintenance of ATP levels, and sensitivity to hormones. Furthermore, several animals *provide enough tissue for the simultaneous comparison of many variables.
A hyperglycemic effect of epinephrine has been reported in goldfish (26), eel (12) , and dogfish and ratfish (16) . The origin of the increased blood glucose has been assumed to be hepatic glycogen. Simpson (22) found glycogen breakdown in pieces of goldfish liver treated with epinephrine at concentrations considerably higher than those used in the present study. The response of isolated hepatocytes to epinephrine supports the belief that hepatic glycogen contributes substantially to the epinephrine-induced hyperglycemic response of lower vertebrates.
Nakano and Tomlinson (15) examined the catecholamine levels in rainbow trout in relation to physical disturbance. In animals acclimated to 10°C and starved 2 days, the normal plasma epinephrine value of approximately 2.9 x loss M rose to maximal values of 1.2-2 .O x 10B6 M during physical disturbance. Epinephrine concentrations in liver also rose, though less dramatically, when the trout were subjected to physical stress. Thus, the physiological range of epinephrine concentrations in another freshwater teleost corresponds to the stimulation by epinephrine of glycogenolysis in isolated goldfish hepatocytes (Fig. 4) . Although other factors may be involved in the control of glucose mobilization, these data suggest strongly that catecholamines are prime regulators of the response of fish to stress.
The metabolic adaptation to starvation in goldfish is poorly understood, but it is unlikely that epinephrineinduced glycogenolysis is important to this process. Hepatic glycogen stores are not rapidly depleted during starvation in several poikilotherms (16, 22) , and we have found that the magnitude of epinephrine-stimulated glycogenolysis does not change substantially dur-ing periods of starvation up to 18 days (unpublished observations). Glucagon has been shown to be a potent hyperglycemic agent in fish (16, 26) , but its precise physiological role remains unclear. Isolated goldfish hepatocytes respond to as little as 5.8 x 10Wg M glucagon with maximal activation of glycogenolysis. This concentration of glucagon was also effective in increasing cyclic AMP accumulation in isolated hepatocytes. Even at a glucagon concentration of 5.8 x lo-lo M there was a significant increase in glucose production (Table 1, Fig. 7 ). These data suggest that glucagon could regulate glucose mobilization in fishes as it has been postulated to do in mammals (11) .
Sutherland et al. (23) noted the presence of low levels of adenylate cyclase activity in whole minnows. Nakano and Tomlinson (15) found a rise in cyclic AMP content and glycogen phosphorylase activity in trout skeletal muscle during physical disturbance.
Goldfish hepatocytes contained basal and catecholamine-stimulated levels of cyclic AMP of the same magnitude reported in rat liver cells (24) . However, the time course of cyclic AMP accumulation in fish cells is ,considerably slower than in mammalian cells (3) . Whether this is simply a function of the lower incubation temperature or represents a significant difference in the enzyme system concerned with cyclic nucleotide metabolism is not apparent. As is the case with glucagon-stimulated hepatic glycogenolysis in rats (11) and catecholamine-stimulated lipolysis in rat fat cells (4), cyclic AMP content in goldfish hepatocytes returned to control levels at a time when glucose release continued at an increased rate (Figs. 1, 2) . If, in fact, this process is mediated by cyclic AMP, as is supported by the glycogenolytic action of dibutyryl cyclic AMP (Fig. 3) , then one of two mechanisms exist: either cyclic AMP causes an irreversible activation of glycogenolysis or a physiologically significant rise in cyclic AMP is difficult to detect over a large background. The fact that a concentration of epinephrine that significantly augments glucose release does not produce a *measurable increase in cyclic AMP accumulation (Fig. 4) , as well as the ability of propranolol to completely inhibit increased cyclic AMP when glycogenolysis is stimulated (Figs. 6, 7) , supports the latter explanation.
The classification of catecholamine actions on liver as either an cy-or p-adrenergic effect remains a largely unsolved problem. Most data suggest that hepatic glycogenolysis in rat and mouse liver is a modified cw-adrenergic response (2, 13, 21) . A p-adrenergic mechanism appears to be operative in the dog (13) and the cat (1) . However, in many cases, definitive classification must await the availability of in vitro data. Hepatic glycogenolysis in goldfish is consistent with a p-adrenergic response. Isoproterenol is approximately 100 times more potent a glycogenolytic agent than is phenylephrine (Fig. 5) . Catecholamine-stimulated glycogenolysis and cyclic AMP responses are inhibited by the P-adrenergic blocking agent propranolol; the cyblocker phentolamine is without effect (Figs. 6, 7) . The effect of high concentrations of phenylephrine on glucose release is most likely due to its small P-component. Phenylephrine has been reported to be a weak positive inotropic agent in reserpine-treated guinea pig atria; it also has P-activity in guinea pig trachea (6) . The likelihood of phenylephrine possessing significant p-adrenergic activity is further supported by the ability of propranolol to block its glycogenolytic action (Fig. 6) .
The disparity between increases in cyclic AMP levels and glycogenolysis seen under appropriate conditions (e.g., low doses of epinephrine) prompted us to look for an alternative, cyclic AMP-independent mechanism for control. Exogenous cyclic GMP had no effect on glycogenolysis over a wide range of concentrations (Fig. 3) . The ionophore A23187, which is a potent activator of glycogenolysis in rat hepatocytes (17) , is without effect on goldfish liver cells (Table 3) ; glycogenolysis in these cells appears to be completely independent of extracellular calcium. Although the absence of both a calcium stimulation and an a-adrenergic mediation of glycogenolysis in goldfish cells is consistent with the suggestion that the two are functionally related (20) , other interpretations are possible. For example, it is not clear whether the failure of A23187 to accelerate glycogenolysis is due to an insensitivity of the cell to calcium or to a failure of the ionophore to stimulate uptake of the ion. This study was supported by Grants AM-10149 and AM-14648 from the National Institute of Arthritis, Metabolism, and Digestive Diseases.
